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INTRODUCTION 27
Functional electrical stimulation has been shown to be a safe and effective means of correcting foot drop of central 28 neurological origin [1] [2] [3] . Surface-based devices typically stimulate via a cathode placed over the common 
50
Elsaify proposed an automatic array element search algorithm, but using array elements with separate gel layers 51 (a matrix of small single electrodes) [14] . More recently, Valtin [17] demonstrated an array search algorithm that 52 2 takes roughly two minutes using two flexible PCB electrode arrays (one over the nerve and one over Tibialis 53 Anterior), each interfaced with a continuous, high-resistivity hydrogel layer. However, in contrast to the work 54 presented here, only preliminary results with a healthy subject were presented. In the most recent work, Seel 55 reported on a system using a foot-mounted inertial sensor to adjust the steering based on realtime measurements 56 of the foot orientation [11] . The system uses only two electrodes and, in laboratory studies with stroke participants, 57 demonstrates convergence on a suitable foot response within one or two strides. However, studies of the system 58 outside of the laboratory setting have yet to be published.
59
In this paper we expand on a recent conference paper [19] to report on the design, development and demonstration 60 of a system for automated setup of drop foot FES (ShefStim). The paper extends the conference paper by 61 presenting the model used to define the initial electrode array geometry design (section 2) and provides discussion 
73
For clinical applications a moderately electrically conductive hydrogel interface between the electrodes and skin 74 provides the benefits of hydration of, and adhesion to, the skin. However, in array applications a continuous 75 hydrogel layer also introduces the issue of spatial selectivity loss due to transverse currents in the hydrogel. Spatial 76 selectivity is defined as the ability to activate discrete groups of nerve fibres in a localised region without 77 stimulating nerve fibres in neighbouring regions.
78
In order to achieve a satisfactory degree of spatial selectivity, it was necessary to identify an appropriate electrode 79 geometry and interface layer properties. Two finite-element models were therefore developed to investigate the 80 effects of electrode geometry and hydrogel layer properties on spatial selectivity, characterised in our model by 
88
Canonsburg, PA, USA) to predict the effects of electrode geometry and hydrogel properties on electric field 89 distribution in the underlying tissue [21] . The model represents a cathode, an anode, a hydrogel layer, skin, fat 90 and muscle. The skin, fat and muscle were modelled as flat, extended layers, whose thicknesses were based on 91 their anatomical dimensions. As bone has much higher resistivity than the other media, it was assumed to be non-92 conductive volume underlying the muscle, and hence was represented as the lower boundary of the model.
93
Structures of smaller dimension, such as hair follicles or blood vessels, were not explicitly modelled, as their 94 influence on stimulation at the depth of the motor nerve branches could be considered negligible.
95
Appropriate electrical conductivity properties were assigned to the elements, based on values from Duck [22] 96 (Table 1) . Although the skin's capacitance cannot normally be neglected, the skin in the model was assumed to 
123
To explore the combined effect of hydrogel resistivity and electrode size on selectivity, a series of simulations 124
were run with square electrodes from infinitely small (a point) to 16mm×16mm with a range of interface layers.
125
The first simulation considered the no interface layer case; subsequent simulations varied the 1mm thick hydrogel as the basis for a new model (Model 2) to enable the electrode array design to be finalised.
144
It was assumed that the magnitude of reduction in selectivity due to current passing across the inter-electrode gaps (Table 1 ) and for each of these, four commercial hydrogel sheets were modelled (Table 2 ).
158
The set of hydrogel properties were informed not only by the results of 
218
The experiment started with measurement of the neutral foot orientation for the subject while standing upright.
219
He/she was then asked to sit in a chair and their right lower leg was strapped in the brackets to keep the shank in 220 a consistent pose throughout. The stimulator and electrodes were then donned. The subject was then asked to 221 maintain their sitting posture and relax the foot in a natural (dropped) position throughout the experiments. As the 222 analysis of data did not dictate the order in which the tests were conducted, the foot twitch experiment was 223 conducted first to reduce fatigue. However, here they are explained in reverse order for clarity.
224
Prior to beginning the slow ramped stimulation experiment a user-defined maximal current was identified. We 225 assumed that sensation would be most acute over bony prominences and hence at the start of the experiment 226 increased stimulation over these sites until a user-defined maximum was reached and the value noted. Next, 
233
The target for foot orientation was defined as dorsiflexion at or above neutral, and inversion/eversion within -1SD 234 of the previously reported healthy subject mean foot orientation at heel strike [28] . All VEs which, when 235 stimulated over the 10 second period, resulted in the foot reaching the target foot orientation were identified and 236 the set of electrodes satisfying these criteria were labelled Set A.
238
When sitting relaxed in the chair the subject's foot was typically plantarflexed and inverted, compared with its 2 Two subjects could only tolerate 12.8 mA and 16 mA respectively, which was insufficient to produce target dorsiflexion when applied through any of the virtual electrodes electrodes during the slowly ramped stimulation 8 target foot orientation) two metrics were derived. First, how far down the ranking it was necessary to go to include 256 all of the members of Set A, defined as Rank_all ; second, how far down the ranking it was necessary to go to 257 include any member of Set A, defined as Rank_any.
259
In 9 out of the 10 subjects to complete the slow ramped stimulation study, at least 1 VE was identified which, 260 when stimulated, produced the target foot response. The maximum number of acceptable VEs found for any 261 individual subject was 4 (out of 49) and the minimum was 0.
262
The results of the twitch stimulation analysis for the 9 subjects are shown in 
267
Although there was significant inter-subject variability, the results showed that in most cases by using a cost 
284
For walking trials the setup parameters were downloaded and the stimulator disconnected from the computer,
285
enabling it to function as a standalone drop foot stimulator being triggered using a foot switch. 
360
In section 2 we introduced two models used for the identification of electrode array geometry. The activation area not experimentally validate the model. However, the array geometry and hydrogel properties derived using the 368 model proved to be similar to the array design successfully used in the final take-home study.
369
Although the ShefStim stimulator has been CE marked, there remain a small number of barriers to clinical uptake.
370
By far the most significant of these is that sweat ingress to the hydrogel electrode interface layer leads to a 371 significant drop in its resistivity and an inevitable decay in focality and stimulation efficiency with wear time 372
